Background: Natural killer (NK) cells eliminate virus-infected and tumor cells through the release of perforins and granzymes; they also produce Interferon gamma (IFN-γ) and Tumor necrosis factor alpha (TNF-α), which induce apoptosis in target cells. Many tumors express Heme oxygenase 1 (HO-1), and this expression has been associated with avoiding immunosuppression and apoptosis. In this work, HO-1+ Cervical cancer cell (CCC) lines were pre-treated with HO-1 inhibitor and we assessed whether this inhibition enhanced the sensitivity of CCC to NK cell activity.
Background
Cervical cancer is the third most common cancer among women worldwide [1] The main risk factor for cervical cancer is infection with the Human papillomavirus (HPV) [2, 3] . HPV types 16 and 18 are responsible for 70% of cases [4] . The immune system is responsible for eliminating tumor cells and infected cells with microorganisms or foreign antigens. Natural killer (NK) cells are the major cells responsible for tumor removal and elimination of infected cells [5] . NK cells constitute between 2 and 18% of total lymphocytes in peripheral blood and are distributed in lymphoid as well as in non-lymphoid organs. NK cells respond to cellular signals triggered by receptor activation or inhibition; once they interact with their specific target, if these signals trigger NK cell activation, the release of perforins and granzymes induces cellular lysis in target cells [6] . Another important function of NK cells is the production of cytokines, such as Interferon gamma (IFN-γ) and Tumor necrosis factor alpha (TNF-α); these cytokines also act as promoter agents of apoptosis in tumor cells, or they recruit and activate other cells of the immune response, such as monocytes/macrophages, dendritic cells, T cells, and B cells [7, 8] . The production of these cytokines by NK cells promotes innate and adaptive immunity [9] . The major activating receptors in NK cells are NGK2D and Natural cytotoxicity receptors (NCR), that is, NKp30, NKp44, and NKp46 [10] . These activating receptors recognize ligands in tumor or infected cells [11] . These ligands for activating receptors are stress-inducible molecules and include UL16-binding proteins (ULBP) and (MHC) class I-related chain A/B (MICA/B) recognized by NKG2D [12, 13] . Other ligands include the poliovirus to DNAM-1, the HLA-B-associated transcript 3 (BAT-3), and the B7-H6 molecule, both recognized by NKp30 [14, 15] . These ligands are absent in normal cells and their expression is increased in cancer cells. However, interaction among immune cells, tumor cells, and neighboring cells is very complex. Cells are influenced by the surrounding microenvironment and this process involves a selection mechanism of tumor cells, which initiate a number of signaling mechanisms to evade the immune response, as described in the hypothesis of immunoediting [16] . Under certain circumstances, this interaction culminates in the eradication of tumor cells, as occurs the majority of times, or instead, in suppression of the immune response and tumor formation. Within this context, tumor cells developed various escape mechanisms to avoid NK-mediated killing; tumor cells produced cytokines, growth factors, and enzymes that induced suppression of cells of the immune response [17, 18] . Heme oxygenase 1 (HO-1) is the rate-limiting enzyme in heme catabolism and leads to three products: biliverdin; free iron, and carbon monoxide [19] . It plays an important role in the modulation of inflammation, blocking the apoptotic process and antioxidant defense in the presence of any damage [20, 21] . This enzyme is overexpressed in pancreatic, colon, and lung cancer, in which it can promote tumor cell proliferation and resistance to tumor therapy [22, 23] . Induction of HO-1 in tumor cells undergoing any stressor agent increases their resistance to apoptosis [24] [25] [26] . Likewise, inhibition of this enzyme leads to the reduction of tumor growth and an increase in sensitivity to chemotherapy [19, 27] . In this study, we evaluated HO-1 expression in Cervical cancer cells (CCC) and whether HO-1 inhibition enhanced the sensitivity of CCC to NK cells.
Results

Cervical cancer cell lines express HO-1
We evaluated HO-1 expression in HeLa (HPV 18+), SiHa (HPV 16+), and C-33A (HPV-) CCC (Figures 1a  and b) . We can observe that the HeLa cell is the cancer cell line that expressed the highest percentage of cells positive to HO-1 (70.2% ± 4.9%) in comparison with SiHa and C-33A CCC (54.6% ± 1.5% and 30.3% ± 6.5%, respectively) (p <0.01). Additionally, we determined the geometric Mean fluorescence intensity (MFI) in each cancer cell line. HeLa, SiHa, and C-33A lines have similar MFI, and we did not observe a difference for HO-1 MFI among the three CCC, suggesting that the difference it is not in the intensity of expression, but rather in the number of cells positive to HO-1. Likewise, we evaluated viability in CCC treated with SnPP (25 μM) and ZnPP (1 μM) HO-1 inhibitors and observed that these inhibitors did not affect the viability in these cells (Figure 1c ). In addition, we evaluated whether HO-1 inhibitors affect the expression of NK cell ligands, such as MICA and MICB. HeLa and SiHa cells express MICA, but not MICB, while C-33A expresses MICB, but not MICA, and we did not observe a change in MICA or MICB expression when cells were treated with SnPP or ZnPP inhibitors (Figure 1d ). HO-1 inhibitors did not affect MICA and MICB receptors.
CD107a expression in NK-92 cells co-cultured either with cervical cancer cells pre-treated or not with the SnPP, HO-1 inhibitor
We evaluated the expression of CD107a in NK-92 cells co-cultured with HeLa, SiHa, and C-33A CCC pre-treated or not with HO-1 inhibitor (SnPP) (Figure 2) . In Figure 2a , we can observe the baseline expression of CD107a in NK-92 cells and the positive-control PMA/Ionomycin increase of this expression. We did not observe differences in NK-92 cells co-cultured with HeLa cells pre-treated or not with HO-1 inhibitor in all target effector ratios (T:E) 1:5 and 1:20 ( Figure 2b ). In NK-92 cells co-cultured with SiHa and C-33A CCC, we observed similar behavior to that observed for HeLa; there were no significant differences between the different T:E ranges between pre-treated cells or not treated with the HO-1 inhibitor. When we analyzed MFI for CD107a, there was no difference in any of the experimental groups; as we expected, only the positive control group (PMA + Ionomycin) increased expression and MFI of CD107a in NK-92 cells.
Increase of IFN-γ and TNF-α production in NK-92 cells positive to CD107a co-cultured with cervical cancer cell lines pre-treated with the HO-1 inhibitor
In Figure 3a When NK-92 cells were co-cultured with C-33A pretreated with HO-1 inhibitor, we can observe a significant increase in the production of IFN-γ in comparison with C-33A without pre-treatment with the HO-1 inhibitor (p <0.05). In general, there was an increase in the production of IFN-γ in CD107a + NK-92 cells co-cultured with HeLa, SiHa, and C-33A pre-treated with the HO-1 inhibitor (SnPP). In the same Figure 3b and c, we can observe TNF-α production in CD107a + NK-92 cells cocultured with HeLa, SiHa, and C-33A pre-treated or not with the HO-1 inhibitor. In the co-culture with HeLa cells, when tumor cells were pre-treated with the HO-1 inhibitor, TNF-α production was significant in NK-92 cells (p <0.05). We observed a similar difference in the SiHa co-culture. Production of TNF-α in NK-92 cells cocultured with C-33A pre-treated with the HO-1 inhibitor is significantly increased within the 1:20 range (p <0.05).
Granzyme B expression in CD107a + NK-92 cells co-cultured with cervical cancer cell lines pre-treated with the HO-1 inhibitor
We evaluated granzyme B expression in CD107a + NK-92 cells co-cultured with HeLa, SiHa, and C-33A CCC pretreated or not with the HO-1 inhibitor ( Figure 4 ). We did not observe differences in granzyme B release in any T:E ratios 1:5 and (1:20 and 1:40, data not shown) in NK-92 cells co-cultured with HeLa, SiHa, and C-33A CCC pretreated or not with the HO-1 inhibitor. It is important to stress that PMA/Ionomycin induces the release of granzyme B and correlates with the association between CD107a increase and granzyme B release. NK-92 and NK cells of healthy donors. We can observe, in Table 1 , that the greatest change observed was in NKp30 and NKG2D receptors in HeLa and SiHa cells, and that when NK-92 cells were treated with HO-1 inhibitors (SnPP and ZnPP), this downmodulation is partially recovered (p <0.05). We observed similar results with NK primary cells of healthy donors (data not shown).
Discussion
Tumor cells acquire different capabilities that allow them to grow uncontrollably and even to evade the immune response. Among these acquired skills, we find the expression of certain cytokines, chemokines, and enzymes that are not normally expressed and that can facilitate an evasion of this type, such as Transforming growth factor beta (TGF-β), Interleukin (IL)-10, Prostaglandin E2 (PGE2), and indoleamine 2,3-dioxygenase [28] . In this regard, HO-1 possesses an important immune protective effect [29] . This enzyme is vital for the removal of heme, a potent pro-oxidant and inflammatory agent. HO-1 induces heme degradation and produces three metabolites: CO; ferrous iron, and biliverdin, all these metabolites with an immune protective effect [30] . We show that CCC HeLa, SiHa, and C-33A express HO-1; while each cell has a different percentage of expression of HO-1, all possess a similar amount of HO-1 (MFI were similar in HeLa, SiHa, and C-33A cells). The expression of HO-1 has been associated with anti-apoptotic and anti-inflammatory effects [31] . In this respect, it was published that HO-1 can induce the production of IL-10 and that this promotes suppression of the immune response [32, 33] . Overexpression of HO-1 has been reported in many cancer types, such as colorectal, pancreatic, and prostate [34] . Likewise, it was published that HO-1 is involved in macrophage polarization toward an M2 phenotype [35] , and that HO-1+ macrophages induce suppression of the immune response [36] . In this regard, it was also observed that HO-1 expressed by dendritic cells favors the emergence of CD4 + CD25+ regulatory T cells and inhibits the proliferation of T cells [37] . NK cells comprise the major cells involved in early responses against infected and tumor cells [38] . CD107a is associated with lysosomal membranes and has been associated with the degranulation of NK cells and CD8+ T cells, having been adopted as a marker of activation due to the association between the increased expression and increased cytotoxicity of their target cells [39, 40] . In our studies, we did not observe a change in the expression of CD107a in NK cells cocultured with HeLa, SiHa, or C-33A CCC pre-treated or not with the HO-1 inhibitor (SnPP), although we did observe an increase in the production of TNF-α and IFN-γ in CD107a + NK-92 cells co-cultured with cancer cells pre-treated with the HO-1 inhibitor. In this regard, in our study, when NK cells were co-cultured with HeLa, SiHa, and C-33A CCC pre-treated or not with the HO-1 inhibitor (SnPP), we did not observe a difference in the expression of CD107a and granzyme B in NK-92 cells. Although HeLa, SiHa, and C-33A cells express HO-1, this enzyme does not participate in the blocking of NK cell degranulation, because pre-treatment with the inhibitor of the enzyme does not induce changes in CD107a expression. Suppression of cytotoxicity in NK cells is associated with an important reduction in CD107a surface expression and suppression of granzyme B release [41] . It is likely that HO-1 does not interfere or intervene with the process of NK cell degranulation and cytotoxicity. It is noteworthy that CCC HeLa, SiHa, and C-33A, through other molecules, could interfere with the degranulation and cytotoxicity process in NK cells, as has been demonstrated with PGE 2 [10] , although we observed a significant increase of CD107a expression and cytotoxicity in K562 using NK-92 cells, and CD107a upregulation correlates with lysis of the target cells (data not shown). The cytotoxic action of NK cells comprises a series of steps involving combining the adhesion, activation, and secretion of lytic granules and other molecules, and NK cytotoxicity results are dependent on several changes that occur, such as phenotypical, functional, and molecular. While CD107a expression may not necessarily correlate with NK cytotoxicity, NK cells can also induce cell death by means of other mechanisms, such as FasL and TRAIL [42, 43] . Previous studies demonstrated that products of the heme catabolism, such as CO, induced, in T cells, a reduction in IL-2 secretion and proliferation of the cells via inhibition of the ERK MAPK pathway [44] . Similarly, the use the metabolites induced by the action of HO-1 on a heme group, such as CO, ferritin, or bilirubin alone or in combination, induces a decrease in the production of TNF-α, IL-1, IL-6, and IFN-γ, and instead promotes IL-10 production [45, 46] . It was in our interest to investigate whether inhibition of HO-1 in tumor cells increased the production of IFN-γ and TNF-α in the population of CD107a + NK-92 cells in our study. We observed that inhibition of the enzyme HO-1 increased IFN-γ and TNF-α expression in NK-92 cells co-cultured with HeLa, SiHa, and C-33A cells pre-treated with the HO-1 inhibitor. We observed, in SiHa (HPV 16+) cells pre-treated with the HO-1 inhibitor, a strong increase in IFN-γ and TNF-α production, indicating that the HPV may play a role in blocking the production of these cytokines in NK cells. The effect observed when we employed the HO-1 inhibitor on IFN-γ and TNF-α production in CD107a + NK-92 cells cocultured with CCC was important because IFN-γ and TNF-α produced by NK cells can induce apoptosis in tumor cells by means of interaction with localized celldeath receptors in tumor cells or through stimulation of cytotoxicity activity in CD8+ cells, in addition to helping to differentiate CD4+ T cells toward a Th1 response to promote CD8+ cell differentiation and to promote antitumor antibody production by B cells [47] [48] [49] [50] . In addition, soluble E6 and E7 oncoproteins of HPV-16 inhibit NK cells to produce IFN [51] . Activating receptors are very important in NK activity, and it was reported that tumor cells can induce a decrease in the expression of activation receptors in NK cells, the latter through several mechanisms, such as binding competitively to the activating receptor and disrupting the binding between the activating receptor and the ligand expressed by tumor cells or by inducing the internalization of the activating receptor on NK cells [52, 53] . In another study, we showed that CCC can induce downmodulation of the NKG2D receptor [54] . This is important because we observed that when HeLa and SiHa cells were pre-treated with the HO-1 inhibitors (SnPP and ZnPP) and subsequently co-cultured with NK-92 cells, the downmodulated expression of NKG2D and NKp30 was restored, in comparison with NK-92 cells cocultured with HeLa and SiHa CCC without pre-treatment with HO-1 inhibitors. This same phenomenon was observed for NKp46 in HeLa, SiHa and C-33A cells. We observed a similar response in NK cells of healthy donors (data not shown). All data strengthened the importance of HO-1 in this phenomenon because we observed these effects when we employed both HO-1 inhibitors. It is noteworthy that we also observed a significant decrease in NK-92 and primary NK cells in the expression of NKp30, NKp46, and NKG2D after 24 h of their being exposed to the culture supernatant of HeLa, SiHa, and C-33A CCC. NK cells are found in the stroma of HPV-infected Cervical intraepithelial neoplasia (CIN); however, NKp30, NKp46, and NKG2D expression is reduced in patients with precancerous or cancerous HPV-induced lesions and, in addition, their cytotoxicity was reduced [51, 55] . We also studied the regulation of some NK cell ligands, such as MICA and MICB, in CCC and the effect of HO-1 inhibitors on their expression. However, we did not observe any change in MICA and MICB expression when we utilized HO-1 inhibitors. MICA is high expressed in HeLa and SiHa cells, but MICB is absent. In C-33A, we found higher expression of MICB in comparison with HeLa and SiHa cells. At present, we are studying whether HO-1 inhibitors exert some effect on other NK cell ligands. As already known, cancer cells possess several mechanisms to avoid the immune response, including the production of molecules with suppressor activity on the immune response; tumor cells are able to induce a regulatory phenotype in immune cells, promoting immune evasion. The difference observed in our study among HeLa, SiHa, and C-33A cells in IFN-γ, TNF-α, NCR, and NKG2D on NK cells indicates that several mechanisms of resistance to cytotoxicity and to NK cell activity could be implicated, such as HPV type and their interactions with NK cells. Our findings indicate that HO-1 can interfere with IFN-γ and TNF-α production and that are implicated in deregulation in the expression of activation receptors such as NKG2D, NKp30, and NKp46.
Conclusions
HO-1 inhibition in cervical cancer cells HeLa, SiHa, and C-33A induce an increase in IFN-γ and TNF-α production in CD107a + NK-92 cells and restore downmodulation of NKG2D, NKp30, and NKp46 in NK cells. These results demonstrate the complexity in the different interrelations between cancer cells and immune cells. The interactions in the tumor microenvironment should be considered before designing NK cell therapies.
Methods
Antibodies and reagents
The following mAbs were used in this study: mouse-antihuman-IFN-γ-PE/Cy7 [BioLegend, San Diego, CA, USA); . These media will be referred to as DMEM-S and RPMI-S. Cells were incubated at 37°C in a humidified atmosphere containing 95% air and 5% CO 2 .
Supernatant of cervical cancer cell lines
CCC HeLa, SiHa, and C-33A were grown in flasks at 80-90% confluence and harvested with trypsin. After that, 100,000 HeLa, SiHa, or C-33A cells were plated on 2 mL of DMEM-S on 6-well culture plates. Cells were incubated at 37°C in a humidified atmosphere containing 95% air and 5% CO 2 for 5 days. Afterward, the cultured supernatant of these cell lines was collected, and NK-92 and NK primary cells were treated or not with the supernatant of HeLa, SiHa and C-33A at a final concentration of 30% of the total volume. Subsequently, the cells were incubated for 24 h in a humidified atmosphere containing 95% air and 5% CO 2 .
Evaluation of HO-1 expression on cervical cancer cell lines
Expression of HO-1 in HeLa, SiHa, and C-33A CCC lines was detected by an indirect staining protocol using a PEconjugated anti-mouse secondary antibody after incubation with mouse anti-HO-1 primary antibody (Abcam). At least 10,000 events were acquired using an EPICS XL-MCL™ Beckman Coulter model flow cytometer (Fullerton, CA, USA). Data were processed with FlowJo ver. X.0.7 software (Tree Star, Inc., Ashland, OR, USA) and results are reported as the % of expression or geometric Mean fluorescence intensity (MFI). 
Transwell assay
CCC HeLa, SiHa, and C-33A were cultured with NK-92 and NK primary cells in a dual-chamber transwell (0.4-μm micropores; Costar, Corning, NY, USA). NK cells were placed into the lower chamber and CCC were placed into the upper chamber and were cultured at 37°C for 24 h. After that, the NK cells were collected and we evaluated NCR and NKG2D expression.
Assessment of CD107a, TNF-α, IFN-γ, and granzyme B by flow cytometry
After the co-culture, we determined CD107a, TNF-α, IFN-γ and granzyme B (BioLegend) by FC. First, NK-92 cells were stain for viability using LIVE/DEAD Fixable Near-IR. After that NK-92 cells were harvested and resuspended in PBS, stained with CD56-PE, and incubated in the dark for 30 min at room temperature. Afterward, the cells were washed and fixed with fixation buffer (BioLegend) for 15 min. Then, the cells were washed and permeabilized with permeabilization buffer 1X (BioLegend), we added TNF-γ-PE-Cy7, granzyme B-AF647, or IFN-α-PE-Cy7, and the cells were incubated in the dark for 30 min. Then, the cells were washed with PBS, fixed with paraformaldehyde 1 %, and analyzed by FC. An appropriate isotype and Fluorescence Minus One (FMO) controls were utilized to adjust for background fluorescence, and results are reported as the % of expression. For each sample, at least 10,000 events were acquired in a FACSAria I cell sorter (BD Biosciences). Data were processed with FlowJo ver. X.0.7 software (Tree Star, Inc.).
Assessment of NKp30, NKp44, NKp46, and NKG2D by flow cytometry
After co-culture, we evaluated the expression of NKp30, NKp44, NKp46, and NKG2D in NK cells by FC. First, NK cells were stain for viability using LIVE/DEAD Fixable Near-IR, after that NK cells were harvested, resuspended in PBS, and stained with CD56-APC, NKp30-PE, NKp44-PE, NKp46-PE, or NKG2D-PE (BioLegend); subsequently, the cells were incubated in the dark for 30 min at room temperature. Cells were washed and fixed with paraformaldehyde 1%. An appropriate isotype and FMO controls were utilized to adjust for background fluorescence, and results are reported as the % of expression or geometric Mean fluorescence intensity (MFI). For each sample, at least 10,000 events were acquired in a FACSAria I cell sorter (BD Bioscience). Data were processed with FlowJo ver. X.0.7 software (Tree Star, Inc.).
Statistical analysis
All experiments were carried out in triplicate and were repeated three times. The values represent mean ± Standard deviation (SD) of the values obtained. Statistical analysis was performed with the non-parametric Mann-Whitney U test, considering p <0.05 as significant.
